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(57) Abstract: Methods and systems for evaluating and controlling a lithography process are provided (22,24,44,46,32). For exam- 
ple, a method for reducing within wafer variation of a critical metric of a lithography process may include measuring (22) at least 
one property of a resist disposed upon a wafer during the lithography process (16). A critical metric of a lithography process may 
include, but may not be limited to, a critical dimension of a feature formed during the lithography process (32). The method may also 
include altering at least one parameter of a process module (36) configured to perform a step of the lithography process to reduce 
within wafer variation of the critical metric (46). The parameter of the process module may be altered in response to at least the one 
measured property of the resist (16). 
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5 BACKGROUND OF THE INVENTION 

7 " " " * 

1. Field of the Invention 

This invention generally relates to systems and methods for evaluating and controlling semiconductor 
fabrication processes. Certain embodiments relate to systems and methods for evaluating and/or controlling a 
10 lithography process by measuring a property of a resist and controlling a process step involved in the lithography 
process. 

2. Description of the Related Art 

Semiconductor fabrication processes typically involve a number of lithography steps to form various 

15 features and multiple levels of a semiconductor device. Lithography involves transferring a pattern to a resist 

formed on a semiconductor substrate, which may be commonly referred to as a wafer. A reticle, or a mask, may be 
disposed above the resist and may have substantially transparent regions and substantially opaque regions 
configured in a pattern that may transferred to the resist. As such, substantially opaque regions of the reticle may 
protect underlying regions of the resist from exposure to an energy source. The resist may, therefore, be patterned 

20 by selectively exposing regions of the resist to an energy source such as ultraviolet light, a beam of electrons, or an 
x-ray source. The patterned resist may then be used to mask underlying layers in subsequent semiconductor 
fabrication processes such as ion implantation and etch. Therefore, a resist may substantially inhibit an underlying 
layer such as a dielectric material or the semiconductor substrate from implantation of ions or removal by etch. 

As the features sizes of semiconductor devices continue to shrink, the minimum feature size which may be 

25 successfully fabricated may often be limited by performance characteristics of a lithography process. Examples of 
performance characteristics of a lithography process include, but are not limited to, resolution capability, across 
chip linewidth variations, and across wafer linewidth variations. In optical lithography, performance characteristics 
such as resolution capability of the lithography process may often be limited by the quality of the resist application, 
the performance of the resist, the exposure tool, and the wavelength of light which is used to expose the resist The 

30 ability to resolve a minimum feature size, however, may also be strongly dependent on other critical parameters of 
the lithography process such as a temperature of a post exposure bake process or an exposure dose of an exposure 
process. As such, controlling the critical parameters of lithography processes is becoming increasingly important to 
the successful fabrication of semiconductor devices. 

One strategy to improve the performance characteristics of a Hthography process may involve controlling 

35 and reducing variations in critical parameters of the hthography process. For example, one critical parameter in a 
lithography process may be the post exposure bake temperature. In particular, a chemical reaction in an exposed 
portion of a chemically amplified resist may be driven and controlled by heating the resist subsequent to the 
exposure process. Such a resist may include, but may not be limited to, a resin and a photo-acid generating 
compound. The temperature of a post exposure bake process may drive generation and diffusion of a photo- 
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generated acid in the resist that causes deblocking of the resin. Deblocking of the resin may substantially alter the 
solubility of the resist such that it may be removed by exposure to an aqueous developer solution in a subsequent 
developing process. As such, temperature-controlled diffusion in the exposed resist may affect physical dimensions 
of remaining resist, or resolved features. Furthermore, variations in temperature across a bake plate of a post 
5 exposure bake process module may cause variations in the dimensions of the features at various positions on a 
wafer. Therefore, the resolution capability of a lithography process may be improved by reducing temperature 
variations across the bake plate of a post exposure bake process module. 

There are several disadvantages, however, in using currently available methods to improve the resolution 
capability of lithography processes. For example, currently available methods may not account for degradation in 

10 the uniformity of a critical parameter over time. For a post exposure bake module, thermal relaxation of heating 
elements, contamination, or other performance variations may adversely affect the resolution capability of a 
lithography process to various degrees over time. As such, monitoring and controlling time-dependent variations in 
the critical parameters may maintain and improve the performance characteristics of a lithography process. In 
addition, integrated control mechanisms that may currently be used to monitor variations in the temperature of the 

15 post exposure bake module may control and alter the process at the wafer level Therefore, all positions, or fields, 
on the wafer are affected equally and improvements are made for an average performance across the wafer. In this 
manner, systematic variations in the resolution capability from field to field across a wafer may not be monitored or 
altered, which may have an adverse affect on the overall performance characteristics of a lithography process. 
Accordingly, it may be advantageous to develop a method and a system to evaluate and control a 

20 lithography process such that within wafer variability of critical dimensions of features formed by a lithography 
process may be reduced 

SUMMARY OF THE INVENTION 

An embodiment of the invention relates to a method for reducing within wafer ("WIW") variation of a 
25 critical metric of a lithography process. A critical metric of a lithography process may include, but is not limited to, 
a critical dimension of features formed during the Uthography process and overlay. Critical dimensions of features 
formed during a Uthography process may include, for example, a width, a height, and a sidewall profile of the 
features. Overlay generally refers to a lateral position of a feature on one level of a wafer with respect to a lateral 
position of a feature on another level of the wafer. The lithography process may include optical lithography, e- 
30 beam lithography, or x-ray lithography. 

The method may include measuring at least one property of a resist disposed upon a wafer during the 
lithography process. For example, the method may include measuring at least the one property of the resist at 
various locations across the wafer. In addition, the method may include measuring at least the one property of the 
resist between steps of the lithography process or during a step of the lithography process. Furthermore, the 
35 method may include measuring at least one property of a resist disposed upon at least two wafers during the 

lithography process. At least the one property may include, but may not be limited to, a thickness, an index of 
refraction, an extinction coefficient, a linewidth of a latent image, a height of a latent image, a width of a feature, a 
height of a feature, overlay, or any combination thereof. A latent image generally refers to an image that may be 
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formed in an exposed resist subsequent to a post exposure bake process. 

The method may further include altering at least one parameter of a process module, configured to 
perform a step of the lithography process, in response to at least the one measured property of the resist. In this 
manner, within wafer variation of a critical metric may be reduced The process module may include, but may not 
5 be limited to, a surface preparation module, a coat module, a bake module, an expose module, or a develop module. 
In addition, if at least one property of a resist disposed upon at least two wafers is measured, then the method may 
include altering at least one parameter of a process module in response to at least the one measured property of the 
resist disposed upon at least the two wafers. At least the one parameter may be altered using a feedback control 
technique, a feedforward control technique, an in situ control technique, or any combination thereof. 

10 Altering at least the one parameter may include processing a first portion of a wafer with a first set of 

process conditions during the step and processing a second portion of the wafer with a second set of process 
conditions during the step. For example, if at least the one measured property includes thickness variation across 
the wafer, then a portion of the wafer coated with a thicker resist may be exposed with a higher exposure dose than 
a portion of the wafer coated with a thinner resist in response to the measured thickness variation. In an additional 

15 example, a portion of a wafer coated with a thicker resist may be heated to a higher temperature during a post 

exposure back process than a portion of the wafer coated with a thinner resist in response to a measured thickness 
variation. In this manner, process conditions of a lithography process step may vary across a wafer such that a 
critical metric of the lithography process may be substantially uniform across the wafer despite variations in resist 
properties. 

20 An additional embodiment relates to a system configured to reduce within wafer variation of a critical 

metric of a lithography process. The critical metric may include a critical dimension of a feature formed by the 
lithography process or any of the critical metrics as described above. The system may include at least one 
measurement device. At least the one measurement device may be configured to measure at least one property of a 
resist disposed upon a wafer during the lithography process. For example, at least the one measurement device may 

25 be configured to measure at least the one property of the resist at various locations across the wafer. In addition, at 
least the one measurement device may be configured to measure at least the one property of the resist between steps 
of the lithography process. Alternatively, at least the one measurement device may be configured to measure at 
least the one property of the resist during a step of the lithography process. For example, a measurement device 
may be integrated into a lithography cluster tool as described herein. Because a property of the resist may be 

30 measured during a lithography process, a method as described herein may have a quicker turn around time than 
conventional lithography process control methods. Therefore, a method as described herein may yield a larger 
number of semiconductor devices having relatively high performance bin characteristics. At least the one property 
may include any of the properties as described herein. 

The system may also include a process module configured to perform a step of the lithography process. 

35 The process module may include, for example, a surface preparation module, a coat module, a bake module, an 
expose module, or a develop module. At least one parameter of the process module may be altered in response to 
at least the one measured property such that the within wafer variation of the critical metric may be reduced. In 
addition, at least the one parameter of the process module may be altered using a feedback control technique, a 
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feedforward control technique, an in situ control technique, or any combination thereof. At least the one parameter 
of the process module may also be altered such that a first portion of the wafer can be processed with a first set of 
process conditions during the step and such that a second portion of the wafer can be processed with a.second set of 
process conditions during the step. 
5 The system may also include a controller computer coupled to at least the one measurement device and the 

process module. The controller computer may be configured to receive at least one measured property of the resist 
from the measurement device. The controller computer may also be configured to alter at least one parameter of 
the process module in response to at least the one measured property. 

A further embodiment relates to a method for fabricating a semiconductor device. For example, the 
1 0 method may include measuring at least one property of a resist disposed upon a wafer during a lithography process. 
The method may also include altering at least one parameter of at least one process module in response to at least 
the one measured property of the resist to reduce within wafer variation of a critical metric of the lithography 
process. In addition, the method may include processing the wafer to from at least a portion of at least one 
semiconductor device upon the wafer. For example, processing the wafer may include etching, ion implantation, 
15 deposition, chemical mechanical polishing, or plating. In this manner, semiconductor devices formed by the 
method may have higher performance bin distributions thereby improving not only yield but also high margin 
product yield. 

BRIEF DESCRIPTION OF THE DRAWINGS 

20 Further advantages of the present invention may become apparent to those skilled in the art with the 

benefit of the following detailed description of the preferred embodiments and upon reference to the accompanying 
drawings in which: 

Fig. 1 depicts a flow chart illustrating a method for evaluating and controlling a lithography process; and 
Fig. 2 depicts a plan view of a bake plate of a post exposure bake process module having a number of 
25 discrete secondary heating elements in addition to an overall primary heating element. 

While the invention is susceptible to various modifications and alternative forms, specific embodiments 
thereof are shown by way of example in the drawings and may herein be described in detail. The drawings may not 
be to scale. It should be understood, however, that the drawings and detailed description thereto are not intended to 
limit the invention to the particular form disclosed, but on the contrary, the intention is to cover all modifications, 
30 equivalents and alternatives falling within the spirit and scope of the present invention as defined by the appended 
claims. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
Turning now to the drawings, Fig. 1 illustrates an embodiment of a method to evaluate and control 
35 performance characteristics of a lithography process. For example, the method may be used to reduce, and even to 
rniimnize, within wafer ("WIW") variability of critical metrics of the lithography process. Critical metrics of a 
lithography process may include, but are not limited to, critical dimensions of features formed by the lithography 
process and overlay. Critical dimensions of features formed during the lithography process may include, for 
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example, a width, a height, and a sidewall profile of the features. A sidewall profile of a feature may be described, 
for example, by a sidewall angle of the feature with respect to an upper surface of a wafer, a roughness of the 
sidewall of the feature, and other physical characteristics of the feature. Overlay generally refers to a lateral 
position of a feature on one level of a wafer with respect to a lateral position of a feature on another level of the 
5 wafer. The lithography process may include optical lithography, e-beam lithography, or x-ray lithography. 

A lithography cluster tool, or a lithography track, may include a set of process modules. An example of a 
lithography cluster tool is illustrated in U.S. Patent No. 5,968,691 to Yoshioka et al., and is incorporated by 
reference as if fully set forth herein. The lithography cluster tool may be coupled to an exposure tool. A first 
portion of the process modules may be configured to perform at least one step of the lithography process prior to 

10 exposure of the resist. A second portion of the process modules may be configured to perform process steps of the 
lithography process subsequent to exposure of the resist. The lithography cluster tool may also include at least one 
robotic wafer handler. The robotic wafer handler may move wafers from module to module. The robotic wafer 
handler may also be used to move wafers from the lithography cluster tool to the exposure tool. 

As shown in step 10, the robotic wafer handler may pick up a wafer from a cassette, which may be loaded 

15 into the hthography cluster tool by an operator. The cassette may contain a number of wafers which may be 

processed during the lithography process. The wafers may be bare silicon wafers. Alternatively, the wafers may 
have been processed prior to the lithography process. For example, topographical features may have been formed . 
on the wafers. The topographical features may include trenches, vias, lines, etc. In addition, one or more layers of 
a material such as a dielectric material may have been formed on the wafers prior to the Hthography process. 

20 The wafer may be placed in a process module such as a surface preparation chamber, as shown in step 12. 

The surface preparation chamber may be configured to form a layer of an adhesion promoting chemical such as 
hexamethyldisilazane ("HMDS") onto the surface of the wafer. HMDS may be deposited at a temperature of 
approximately 80 °C to approximately 180 °C. Therefore, after the surface preparation process, the robotic wafer 
handler may remove the wafer from the surface preparation chamber and may place the wafer into a chill module, 

25 as shown in step 14. As such, a wafer may be lowered to a temperature suitable for subsequent processing (e.g., 
approximately 20 °C to approximately 25 °C). 

In an additional embodiment, an anti-reflective coating may also be formed on the surface of the wafer. 
The anti-reflective coating may be formed on the wafer, for example, by spin coating followed by a post apply bake 
process. Since a post apply bake process for an anti-reflective coating generally involves heating a coated wafer to 

30 a temperature of approximately 175 °C to approximately 230 °C, a chill process may also be performed subsequent 
to the post apply bake process. 

A resist may be formed upon the wafer, as shown in step 16. For example, the wafer may be placed into a 
resist apply process module. A resist may be automatically dispensed onto an upper surface of the wafer. The 
resist may be uniformly distributed across the wafer by spinning the wafer at a high rate of speed such as about 

35 2000 rpm to about 4000 rpm. The spinning process may adequately dry the resist such that the wafer may be 
removed from the resist apply module without affecting the coated resist As shown in step 18, the resist-coated 
wafer may be heated in a post apply bake process. The post apply bake process may include heating the resist- 
coated wafer at a temperature of approximately 90 °C to approximately 140 °C. The post apply bake process may 
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be used to drive excess solvent out of the resist and to alter a property of an upper surface of the resist such as 
surface tension. Subsequent to the post apply bake process, the wafer may be chilled at a temperature of 
approximately 20 °C to approximately 25 °C, as shown in step 20. 

The method may also include measuring a property of the resist formed upon the wafer subsequent to 
5 chilling. As shown in step 22, for example, the wafer may be moved to a measurement device, or a within wafer 
film measurement device, subsequent to chilling after the post apply bake step. Alternatively, the wafer may 
remain in the chill module during measurement if, for example, the measurement device is coupled to the chill 
module. The measurement device may be any device configured to use an optical technique to measure at least one 
property of the resist The measurement device may also be configured to measure at least one property of the 

10 resist at more than one position on the wafer. The optical technique may include, but is not limited to, 
scatterometry, interferometry, reflectometry, spectroscopic ellipsometry or spectroscopic reflectometry. 
Additionally, other optical measurement devices may also be used to measure a property of the resist Examples of 
measurement devices which may be used are illustrated in U.S. Patent Nos. 4,999,014 to Gold et al., 5,042,951 to 
Gold et aL, 5,412,473 to Rosencwaig et al., 5,516,608 to Hobbs et al., 5,581,350 to Chen et al., 5,596,406 to 

15 Rosencwaig et al., 5,596,41 1 to Fanton et al., 5,608,526 to Piwonka-Corle et al., 5,747,813 to Norton et al, 
5,771,094 to Carter et al, 5,798,837 to Aspnes et al, 5,859,424 to Norton et al., 5,877,859 to Aspnes et al., 

5.889.593 to Bareket et al., 5,900,939 to Aspnes et al., 5,910,842 to Piwonka-Corle et al., 5,917,588 to Addiego, 

5.917.594 to Norton, 5,973,787 to Aspnes et al., and 5,991,699 to Kulkarni, et al. and are incorporated by reference 
as if fully set forth herein. Additional examples of measurement devices are illustrated in PCT Application No. 

20 WO 99/02970 to Rosencwaig et al. and PCT Application No. WO 99/45340, and are incorporated by reference as if 
fully set forth herein. 

The measurement device may measure at least one property of the resist In addition, the measurement 
device may measure several properties of the resist substantially simultaneously. A property of the resist measured 
subsequent to a post apply bake process may include, but is not limited to, a thickness, an index of refraction, or an 

25 extinction coefficient of the resist. The measured property may be sent to a controller computer, or a within wafer 
film controller, as shown in step 24. The controller computer may be coupled to the measurement device. The 
controller computer may determine a parameter of a process step of the lithography process in response to me 
measured property of the resist For example, the controller computer may determine a parameter of a process step 
as a function of the resist using an experimentally determined or numerically simulated relationship. The controller 

30 computer may also be coupled to at least one process module of the lithography cluster tool In this manner, the 
controller computer may be configured to alter a parameter of a process module of a lithography cluster tool. 
Therefore, the controller computer may control the operation of any of the process modules included in the 
lithography cluster tool. Alternatively, a parameter of a process module may be altered manually by an operator in 
response to output from the measurement device or the controller computer. 

35 In an embodiment, a feedforward control technique may be used to alter a parameter of a process module. 

For example, an operator or a controller computer may determine at least one parameter of a process module that 
may be used to perform an additional lithography process step on the measured resist. Additional lithography 
process steps may include exposure and post exposure bake. In this mann er, the property of the resist may be used 
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to alter a parameter of a process module configured to perform an exposure step or a post exposure bake step. For 
example, a thickness, an index of refraction, and/or an extinction coefficient of the resist measured subsequent to 
the c hillin g process may be used to determine an exposure dose of an exposure process or a temperature of the post 
exposure bake process. An operator or the controller computer may alter at least one parameter of the exposure 
5 process module or the post exposure bake process module in response to the determined exposure dose or 
temperature, respectively. 

In addition, because at least one property of the resist may be measured at various positions across the 
wafer, at least one parameter may be determined for each of the various positions. As such, a parameter of a 
process module may also be altered, as described above, independently from field to field on the wafer. For 

10 example, process conditions such as exposure dose and/or post exposure bake temperature may vary across the 
wafer in subsequent processes in response to variations in at least one measured property from field to field across 
the wafer. In this manner, critical metrics of the lithography process may be substantially uniform across the wafer. 

In an additional embodiment, a feedback control technique may be used to alter a parameter of a process 
module. In this manner, a parameter of at least one process module that may have been used to form the resist may 

15 be altered prior to or during processes to form resist on additional wafers. Additional wafers may include a wafer 
included in the same lot as the measured wafer or a wafer included in a different lot than the measured wafer. Such 
a parameter may be determined in response to at least the one measured property of the resist as described above. 
For example, the property of the resist may be used to alter a parameter of the resist apply process module or me 
post apply bake process module prior to and/or during processing of additional wafers. 

20 As shown in step 26, the wafer may be transferred to an exposure process module. The exposure process 

module may perform a number of operations that may include, but are not limited to, aligning a wafer and exposing 
the resist in a predetennined pattern. For example, the exposure process module may include any stepper or 
scanner known in the art. Exposing the resist may also include exposing the resist to a specific intensity of light, or 
an exposure dose, and a specific focus condition. Many exposure process modules may be configured such mat the 

25 exposure dose and focus conditions of the expose process may be varied across the wafer, for example, from field 
to field. The exposure dose and focus conditions may be determined and/or altered as described herein using a 
feedback or feedforward control technique. 

As shown in step 28, an optional process step in the lithography process may include an edge exposure 
step. The edge exposure step may include exposing resist disposed proximate an outer edge of the wafer to a light 

30 source to remove the resist at the outer edge of the wafer. Such removal of the resist at the outer edge of a wafer 
may reduce contamination of process chambers and devices used in subsequent processes. 

As shown in step 30, the wafer may be subjected to a post exposure bake process step. The post exposure 
bake process may be used to drive a chemical reaction in exposed portions of the resist such that portions of the 
resist may be removed in subsequent processing. As such, the performance of the post exposure bake process may 

35 be critical to the performance of the lithography process. The post exposure bake process may include heating the 
wafer to a temperature of approximately 90 °C to approximately 150 °C. As shown in step 32, a measurement 
device, or a within wafer critical dimension measurement device, may be coupled to the post exposure bake process 
module. In this manner, a property of the resist may be measured during the post exposure bake process. The 
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measurement device may use an optical technique to measure a property of the resist such as thickness, linewidth of 
a latent image, height of a latent image, index of refraction, or extinction coefficient. The measurement device may 
be configured to use a technique such as scatterometry, interferometry, reflectometry, spectroscopic ellipsometry, 
and spectroscopic reflectometry. Additional examples of measurement devices may include any of the 
5 measurement devices as described herein. Therefore, the measured property of the resist may be used to evaluate 
and control the post exposure bake process using an in situ control technique. For example, the measurement 
device may measure a property of the resist during the post exposure bake process, and a parameter of the post 
exposure bake process module may be altered in response to the measured property during the process. 

In addition, the measurement device may be used to measure a property of the resist at various times 

10 during a post exposure bake process. As such, the measurement device may monitor variations in at least one 

property of the resist over time. In this manner, a signature characteristic of an endpoint of the post exposure bake 
process may be determined, and at which time, the process may be ended. Monitoring variations in at least one 
property of the resist during the post exposure bake process may also be enhanced by measuring at least one 
property of the resist at multiple positions on the wafer. 

1 5 The measurement device may be configured to measure a property of the resist at multiple positions within 

a field and at multiple positions within at least two fields on the wafer during the post exposure bake process, hi 
this manner, at least one parameter, of the process module may be determined at various positions across the wafer. 
As such, a parameter of the post exposure bake module may be altered independently as described above from field 
to field on the wafer. For example, a temperature of a bake plate of the post exposure bake process module may 

20 vary across the bake plate during the post exposure bake process in response to variations in at least one 

measurement property of the resist from field to field across the wafer. Therefore, within wafer variations of 
critical parameters may be reduced, or even minimized. 

As shown in Fig. 2, a temperature of the post exposure bake plate may be altered across the bake plate by 
using a number of discrete secondary heating elements 48 disposed within primary heating element 50. Secondary 

25 heating elements 48 and primary heating element 50 may include resistive heating elements or any other heat 

source known in the art Secondary heating elements 48 may be independently controlled, for example, by altering 
an electrical current supplied to each of the secondary heating elements to alter a temperature profile of primary 
heating element 50. As such, a temperature profile across a wafer during a post exposure bake process may be 
altered such that individual fields on a wafer may be heated at substantially the same temperature or at individually 

30 deterrnined temperatures. In this manner, a uniformity of critical metrics of a lithography process across a wafer 
may be increased. 

Referring to Fig. 1 again, as shown in step 34, subsequent to the post exposure bake process, the wafer 
may be chilled Subsequent to chilling, the wafer may be moved to a measurement device. Alternatively, the wafer 
may remain in the chill module during measurement if, for example, the measurement device is coupled to the chill 
35 module. The measurement device may be configured as any measurement device as described herein. The 

measurement device may measure at least one property of the resist In addition, the measurement device may 
.measure several properties of the resist substantially simultaneously. A property of the resist measured subsequent 
of during the chill process may include, but is not limited to, a thickness, a linewidth of a latent image, a height of a 
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latent image, an index of refraction, or an extinction coefficient The measured property of the resist may be used 
to alter a parameter of a process module of the lithography cluster tool using a feedback control technique or a 
feedforward control technique. For example, the measured property of the resist may be used to alter an exposure 
dose or a post exposure bake temperature using a feedback control technique or to alter a develop time using a 
5 feedforward control technique. 

The measurement device may be configured to measure a property of the resist at multiple positions within 
a field and at multiple positions within at least two fields on the wafer subsequent to or during the chill process. In 
this ma n ner, at least one parameter of a process module of a lithography cluster tool may be determined at various 
positions across the wafer. As such, a parameter of an exposure process module, a post exposure bake process 
10 module, or a develop process module may be altered independently as described above from field to field on the 
wafer. For example, a temperature of a bake plate of the post exposure bake process module may vary across the 
bake plate in response to variations in at least one measurement property of the resist from field to field across the 
wafer. As described above, therefore, within wafer variations of critical parameters may be reduced, or even 
minimized. 

1 5 As shown in step 36, subsequent to the post exposure process, the wafer may be subjected to a develop 

process step. The develop process step may be configured to remove a portion of the resist For example, a 
develop process may include dispensing an aqueous developer solution on a wafer subsequent to a post exposure 
bake process and rinsing the wafer with de-ionized water. Resist rernaining after the develop process step may 
define a pattern formed in the original resist layer. The formed pattern may include an arrangement of lines, 

20 spaces, trenches, and/or vias. Subsequent to the develop process, as shown in step 38, a measurement device, or a 
within wafer critical dimension measurement device, may be used to measure a property of the resist such as, but 
not limited to, a thickness, an index of refraction, or an extinction coefficient of the remaining resist, a width, a 
height, or a sidewall profile of a feature, or overlay. The measured property may be sent to a controller computer, 
or within wafer critical metric controller, as shown in step 46. 

25 A parameter of a process module involved in the lithography process may be altered in response to the 

measured property using a feedback control technique. For example, the altered parameter of the process module 
may be a function of the measured property of the resist the feedback control technique may include, for 
example, measuring a linewidth of features formed in the resist subsequent to the develop process step and altering 
a parameter of an expose process module or a post exposure bake process module, which may be used to fabricate 

30 additional wafers. In addition, a linewidth of features formed in the resist may be measured at various positions 
across the wafer subsequent to the develop process step. In this manner, parameters of an expose process module 
may be altered at the field level in response to the measured properties of the resist by altering parameters of the 
expose process step such as the exposure dose and the exposure focus conditions at each field. As such, the 
controller computer may provide a two-dimensional array of exposure doses and/or exposure focus conditions to 

35 the exposure process module in response to the measured property of the resist Therefore, within wafer critical 
metrics of the lithography process may be reduced, or even minimiz ed. 

As shown in step 40, subsequent to measuring a property of the resist, a hard bake, or post develop bake, 
process step may be performed The hard bake process may be used to drive contaniinants and any excess water 
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from the resist. Therefore, the hard bake process may include heating the wafer at a temperature of approximately 
90 *C to approximately 130 °C. As shown in step 42, the temperature of the wafer may then be reduced by using a 
wafer chill process. Subsequent to the wafer chill process of step 42, an additional measurement of at least one 
property of the resist may be performed as described herein, as shown in step 44. The measurement device may be 
5 configured as described in any of the above embodiments. This measurement may also be used to alter a parameter 
of a process module using a feedback control technique as described herein. For example, at least one measured 
property of a resist may be sent to a controller computer, or a within wafer critical dimension controller, as shown 
in step 48. • 

It is to be understood that all of the measurements described above may be used to alter a parameter of a 

10 lithography process module using a feedback, a feedforward, or in situ process control technique. In addition, 

within wafer variations of critical metrics of a lithography process may be further reduced by using a combination 
of the above techniques. The method may also include measurements at additional points in a lithography process 
such as measuring at least one property of an anti-reflective coating subsequent to forming the anti-reflective 
coating on a wafer. The property of the anti-reflective coating may be used to alter a parameter of a process 

1 5 module using a feedback control technique, a feedforward control technique, or an in situ control technique as 
described herein. 

In an additional embodiment, a system configured to evaluate and control a lithography process may 
include at least one measurement device and at least one process module. The system may be configured to reduce, 
and even to minimize, within wafer variability of at least one critical metric of the lithography process. Critical 

20 metrics of a lithography process include, but are not limited to, critical dimensions of features formed by the 
lithography process and overlay as described above. 

A measurement device may be configured to measure at least one property of a resist disposed upon a 
wafer during the lithography process. As shown in Fig. 1, for example, a measurement device may include within 
wafer film measurement device 22, within wafer critical dimension measurement device 32, within wafer critical 

25 dimension measurement device 38, and/or within wafer critical dimension measurement device 44. Such 

measurement devices may be configured as described herein. In addition, the system may include additional 
measurement devices as described herein. The measurement device may be configured to measure the property of 
the resist during any of the process steps as described above or subsequent to any of the process steps as described 
above. 

30 In an embodiment, therefore, the measurement device may be coupled to at least one of the process 

modules such that the measurement device may perform an in situ measurement of a resist Alternatively, the 
measurement device may be disposed within a lithography cluster tool such that the measurement device may 
perform a measurement of a resist between two process steps. In this manner, a method as described herein may 
have a quicker ton around time than conventional lithography process control methods. As described herein, at 

35 least the one measured property may include a thickness, an index of refraction, an extinction coefficient, a 

linewidth of a latent image, a height of a latent image, a width of a feature, a height of a feature, a sidewall profile 
of a feature, overlay, or any combination thereof. At least the one measurement device may also be configured to 
measure at least the one property of the resist at various locations across the wafer. For example, a thickness of the 
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resist may be measured at various positions or fields across the wafer. In addition, a property of the resist may be 
measured at various positions within a field of the wafer or at various positions within several fields of the wafer. 

A process module may be configured to perform a step of the lithography process. As shown in Fig. 1, for 
example, such process modules may include, but are not limited to, surface preparation chamber 12, resist apply 
process module 16, post apply bake process module 18, exposure process module 26, post exposure bake process 
module 30, develop process module 36, and hard bake process module 40. At least one parameter of the process 
module may be altered in response to at least Ihe one measured property such that v/ithin wafer variation of the 
critical metric can be reduced, or even minimized. For example, at least one parameter of a process module maybe 
altered using a feedback control technique, a feedforward control technique, an in situ control technique, or any 
combination thereof. 

In addition, at least the one parameter of the process module may be altered such that a first portion of the 
wafer may be processed with a first set of process conditions during a step of the lithography process and such that 
a second portion of the wafer may be processed with a second set of process conditions during the step. For 
example, each portion of the wafer may be a field of the wafer. In this manner, each field of the wafer may be 
subjected to a different process conditions such as, but not limited to, exposure dose and focus conditions and post 
exposure bake temperatures. As such, because each field of a wafer may be subjected to process conditions that 
may vary depending upon a measured property of a resist formed upon the wafer, within wafer variations in critical 
metrics of the lithography process may be substantially reduced, or even rnmirnized. 

The system may also include a controller computer coupled to at least one measurement device and to at 
least one process module. As shown in Fig. 1, for example, a controller computer may include v/ithin wafer film 
controller 24 and within wafer critical dimension controller 48. The controller computer may include any 
appropriate controller device known in the art. The controller computer may be configured to receive at least one 
measured property of the resist from the measurement device. In addition, the controller computer may be 
configured to determine at least one parameter of a process module in response to the measured property of the 
resist. For example, the controller computer may be configured to use an experimentally determined or a 
numerically simulated relationship between the property and the parameter to determine a parameter in response to 
the property. The controller computer may be further configured to control the process module such that the 
parameter may be altered in response to the determined parameter. Therefore, the altered parameter of the process 
step may be a function of at least one measured property of the resist. The controller computer may also be 
configured to control the measurement device to measure the physical property of the resist. 

hi an additional embodiment, the system may be configured to monitor variations in at least one property 
of the resist. For example, a measurement device may be configured to measure a property of the resist 
substantially continuously or at predetermined time intervals during a step of the lithography process. A controller 
computer coupled to the system may, therefore, receive the measured property from the measurement device and 
may monitor variations in the property over the duration of a process step of the lithography process. By analyzing 
the variations in at least one property of the resist during a step of the lithography process, the controller computer 
may also generate a signature representative of a process step such as a post exposure bake process. The signature 
may include at least one singularity which may be characteristic of an endpoint of the post exposure bake process. 
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An appropriate endpoint for the process step may be a linewidth or a thickness of a latent image in the resist formed 
during the post exposure bake process. The linewidth or the thickness of the latent image may be larger or smaller 
depending upon the semiconductor device feature being fabricated by the lithography process. After the controller 
computer may have detected the singularity of the signature, the controller computer may stop the post exposure 
5 bake process by altering a level of a parameter of an instrument coupled to the post exposure bake process module. 

In an embodiment, a method for fabricating a semiconductor device may include a lithography process in 
which a pattern may be transferred from a reticle to a resist. For example, portions of the resist may be removed 
using a lithography process such that regions of the wafer or an underlying layer may be exposed to a subsequent 
process such as an ion implantation process. The predetermined regions may be regions of the wafer or the 

10 underlying layer in which features of a semiconductor device are to be formed such as, for example, source/drain 
junctions. Fabricating a semiconductor device may also include evaluating and controlling a lithography process 
by measuring at least one property of a resist disposed upon a wafer during the lithography process. In addition, 
measuring at least one property of the resist may include measuring within wafer variations in at least one property 
of the resist during the lithography process. The physical property of the resist may be altered by a process step of 

15 the lithography process. 

The method for fabricating a semiconductor device may also include determining and/or altering at least 
one parameter of a process module which, may be configured to perform a step of the lithography process. The 
altered parameter may be determined in response to at least one measured property of the resist to reduce within 
wafer variations of a critical metric of the lithography process. For example, the altered parameter may be 

20 determined using a function which describes a relationship between the physical property of the resist and a 
parameter of the process step of the lithography process. The altered parameter may also be determined 
independently at various positions within a field or within several fields of the wafer. In this manner, 
semiconductor devices fabricated by the method may have higher performance bin distributions thereby improving 
not only yield but also high margin product yield. In addition, the method for fabricating a semiconductor device 

25 may include processing a wafer to form at least a portion of at least one semiconductor device upon the wafer. For 
example, processing the wafer may include at least one semiconductor fabrication process such as etching, ion 
implantation, deposition, chemical mechanical polishing, plating, and/or any other semiconductor fabrication 
process known in the art 

A set of data may be collected and analyzed that may used to deterrnine a parameter of a process module 
30 in response to a measured property of a resist formed upon a wafer. Process control methods as described herein 
may also be used to further optimize a lithography process by using optical measurements as described herein in 
conjunction with electrical measurements of a semiconductor device that may be formed with the lithography 
process. The combination of optical and electrical measurements may provide a larger amount of characterization 
data for a lithography process. In this manner, the characterization data may be used to understand the mechanisms 
35 of lithography, to pin-point the cause of defects, and to make accurate adjustments to parameters of various process 
modules, or the process conditions. In addition, such a process control strategy may be used to qualify, or 
characterize the performance of, a new lithography tool. The process control method may also be used to compare 
the performance of several similar lithography tools. Such a comparison may be used, for example, in a 
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manufacturing environment in which several tools may be used in parallel to manufacture one device or product. 
Furthermore, this process control strategy may be used to determine an appropriate resist and thickness in the 
development stages of defining a lithography process. 

In an embodiment, a quantitative relationship may be developed between a parameter of a process module 
5 that may be varied and a property of a resist For example, a number of wafers may be processed using variations 
of a parameter of the process module. All other parameters of the process module and additional process modules 
may remain constant, and a correlation between the varied parameter and a property of the resist may be developed. 
In this manner, an algorithm that describes the quantitative relationship between each of the process parameters for 
a process module and the measured property of the resist may be determined. The developed algorithms may be 

10 used during processing of product wafers to determine if the process is operating within design tolerance for a 

process and a process module. Additionally, algorithms may be developed and used to further optimize a current 
process, to characterize a new process module, or to develop processes to fabricate next generation devices. 

Furthermore, this algorithm may be integrated into a controller for a measurement device or a process 
module. The controller may by a computer system configured to operate software to control the operation of a 

15 measurement device such as a scatterometer, an interferometer, a reflectometer, a spectroscopic ellipsometer, or a 
spectroscopic reflectometer. The computer system may include a memory medium on which computer programs 
for operating the device and perforating calculations related to the collected data. The term "memory medium" is 
intended to include an installation medium, e.g., a CD-ROM, or floppy disks, a computer system memory such as 
DRAM, SRAM, EDO RAM, Rambus RAM, etc., or a non-volatile memory such as a magnetic media, e.g., a hard 

20 drive, or optical storage. The memory medium may include other types of memory as well, or combinations 

thereof. In addition, the memory medium may be located in a first computer in which the programs are executed, 
or may be located in a second different computer mat connects to the first computer over a network. In the latter 
instance, the second computer provides the program instructions to the first computer for execution. Also, the 
computer system may take various forms, including a personal computer system, mainframe computer system, 

25 workstation, network appliance, Internet appliance, personal digital assistant (PDA), television system or other 
device. In general, the term "computer system" may be broadly defined to encompass any device having a 
processor which executes instructions from a memory medium. 

The memory medium preferably stores a software program for the operation of a measurement device and/or 
a process module. The software program may be implemented in any of various ways, including procedure-based 

30 techniques, component-based techniques, and/or object-oriented techniques, among others. For example, the software 
program may be implemented using ActiveX controls, C-H- objects, JavaBeans, Microsoft Foundation Classes (MFC), 
or other technologies or methodologies, as desired. A CPU, such as the host CPU, executing code and data from the 
memory medium includes a means for creating and executing the software program according to the methods 
described above. . 

35 Various embodiments further include receiving or storing instructions and/or data implemented in 

accordance with the foregoing description upon a carrier medium. Suitable carrier media include memory media or 
storage media such as magnetic or optical media, e.g., disk or CD-ROM, as well as signals such as electrical, 
electromagnetic, or digital signals, conveyed via a communication medium such as networks and/or a wireless link. 
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The software for a measurement device may then be used to monitor and predict the processing conditions 
of subsequent lithography processes. Preferably, the predefined algorithm for a process step of me lithography 
process may be incorporated into the software package that interfaces with the measurement device. In this 
manner, the software may be configured to receive data that may be measured by the measurement device. The 
5 software may also be configured to perform appropriate calculations to convert the data into properties of the resist 
Additionally, the software may also be configured to compare a property of a resist formed on a product wafer to a 
property of a resist formed on a reference wafer for a lithography process. In this manner, the software may be 
configured to convert variations in the properties to variations mat may occur in the process conditions. 
Furthermore, by incorporation of the appropriate algorithm, the software may also be configured to convert the 

10 properties of a resist into meaningful data about the process conditions of the lithography process including a 
characteristic of an exposure step or a characteristic of a post exposure bake step. 

A method to evaluate and control a lithography process using field level analysis as described above may 
provide dramatic improvements over current process control methods. Measuring within wafer variability of 
critical metrics, or critical dimensions, may provide tighter control of the critical dimension distribution. In 

15 addition to improving the manufacturing yield, therefore, the method described above may also enable a 
manufacturing process to locate the distribution performance of manufactured devices closer to a higher 
performance level. As such, the high margin product yield may also be improved by using such a method to 
evaluate and control a lithography process. Furthermore, additional variations in the lithography process may also 
be minimi zed. For example, a process may use two different post exposure bake units to process one lot of wafers. 

20 Two bake units may be used to perform the same process such that two wafers may be processed simultaneously in 
order to reduce the overall processing time. Therefore, the above method may be used to evaluate and control each 
bake unit separately. As such, the overall process spread may also be reduced. 

The data gathered in accordance with the present invention may be analyzed, organized and displayed by 
any suitable means. For example, the data could be grouped across the wafer as a continuous function of radius, 

25 binned by radial range, binned by stepper field, by x-y position (or range of x-y positions, such as on a grid), by 
nearest die, and/or other suitable methods. The variation in data may be reported by standard deviation from a 
mean value, the range of values, and/or any other suitable statistical method. 

The extent of the within wafer variation (such as the range, standard deviation, and the like) may be 
analyzed as a function of wafer, lot and/or process conditions. For example, the within wafer standard deviation of 

30 the measured CD may be analyzed for variation from lot to lot, wafer to wafer, and the like. It may also be 

grouped, reported and/or analyzed as a function of variation in one or more process conditions, such as develop 
time, photohthographic exposure conditions, resist thickness, post exposure bake time and/or temperature, pre- 
exposure bake time and/or temperature, and the like. It may also or instead be grouped, reported and/or analyzed as 
a function of within wafer variation in one or more of such processing conditions. 

35 The data gathered in accordance the present invention may be used not just to better control process 

conditions, but also where desirable to better control in situ endpointing and/or process control techniques. For 
example, data gathered in accordance the present invention may be used in conjunction with an apparatus such as 
that set forth in U.S Patent No. 5,689,614 and/or Published European patent Application No. EP 1066925 A2, 



14 



WO 01/84382 PCT/US01/14367 
which are hereby incorporated by reference as if fully set forth herein, to improve the control over localized heating 
of the substrate or closed loop control algorithms.. Within wafer variation data could be fed forward or back to 
such a tool to optimize the algorithms used in control of local wafer heating or polishing, or even to optimize the 
tool design. In another example of such localized process control, within wafer variation data could be used to 
5 control or optimize a process or tool such as that set forth in one or more of Published PCT Patent Applications 
No. WO 99/41434 or WO 99/25004 and/or Published European Patent Application No 1065567 A2, which are 
hereby incorporated by reference as if fully set forth herein. Again, within, wafer variation data taken, for example 
from stand alone and/or integrated measurement tools, could be used to better control and/or optimize the 
algorithms, process parameters and integrated process control apparatuses and methods in such tools or processes. 

10 Data regarding metal thickness and its within wafer variation could be derived from an x-ray reflectance tool such 
as that disclosed in US Patent No. 5,619,548 and/or Published PCT Application No. WO 01/09566, which are 
hereby incorporated by reference as if fully set forth herein, by eddy current measurements, by e-beam induced x- 
ray analysis, or by any other suitable method. 

Further modifications and alternative embodiments of various aspects of the invention may be apparent to 

15 those skilled in the art in view of this description. For example, methods and systems for lithography process 

control are provided. Accordingly, this description is to be construed as illustrative only and is for the purpose of 
teaching those skilled in the art the general manner of carrying out the invention. It is to be understood that the 
forms of the invention shown and described herein are to be taken as the presently preferred embodiments. 
Elements and materials may be substituted for those illustrated and described herein, parts and processes may be 

20 reversed, and certain features of the invention may be utilized independently, all as would be apparent to one 

skilled in the art after having the benefit of this description of the invention. Changes may be made in the elements 
described herein without departing from the spirit and scope of the invention as described in the following claims. 
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1 . A method for reducing within wafer variation of a critical metric of a lithography process, comprising: 
measuring at least one property of a resist disposed upon a wafer during the lithography process; and 

5 altering at least one parameter of a process module, configured to perform a step of the lithography 

process, in response to at least the one measured property of the resist to reduce the within wafer variation 
of the critical metric. 

2. The method of claim 1, wherein the critical metric comprises a critical dimension of a feature formed by 
10 the lithography process. 

3. The method of claim 1, wherein measuring at least the one property of the resist comprises measuring at 
least the one property at various locations across the wafer. . 

15 4. The method of claim 1, wherein measuring at least the one property of the resist comprises measuring at 
least the one property between steps of the Hthography process. 

5. The method of claim 1, wherein measuring at least the one property of the resist comprises measuring at 
least the one property during a step of the lithography process. 

20 

6. The method of claim 1 , further comprising measuring at least one property of a resist disposed upon at 
least two wafers during the lithography process, wherein the altered parameter further comprises a function of at 
least the one measured property of the resist disposed upon at least the two wafers. 

25 7. The method of claim 1, wherein at least the one property comprises a thickness, an index of refraction, an 
extinction coefficient, a linewidth of a latent image, a height of a latent image, a width of a feature, a height of a 
feature, overlay, or any combination thereof. 

8. The method of claim 1 , wherein altering at least the one parameter comprises using a feedback control 
30 technique. 

9, The method of claim 1, wherein altering at least the one parameter comprises using a feedforward control 
technique. 

35 10. The method of claim 1, wherein altering at least the one parameter comprises using an in situ control 
technique. 
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1 1 . The method of claim 1 , wherein altering at least the one parameter comprises using a feedback control 
technique, a feedforward control technique, an in situ control technique, or any combination thereof. 



12. The method of claim 1, wherein altering at least the one parameter comprises processing a first portion of 
the wafer with a first set of process conditions during the step and processing a second portion of the wafer with a 
second set of process conditions during the step. 

13. The method of claim 1 , wherein the process module comprises a surface preparation module, a coat 
module, a bake module, an expose module, or a develop module. 

14. A system configured to reduce within wafer variation of a critical metric of a lithography process during 
use, comprising: 

at least one measurement device configured to measure at least one property of a resist disposed upon a 
wafer during the lithography process; and 

a process module configured to perform a step of the lithography process during use, wherein at least one 
parameter of the process module can be altered in response to at least the one measured property such that 
the within wafer variation of the critical metric can be reduced. 

15. The system of claim 14, further comprising a controller computer coupled to at least the one measurement 
device and the process module, wherein the controller computer is configured to receive at least one measured 
property of the resist from the measurement device during use, and wherein the controller computer is configured 
to alter at least the one parameter of the process module in response to at least the one measured property during 
use. 

16. The system of claim 14, wherein the critical metric comprises a critical dimension of a feature formed by 
the lithography process. 

17. The system of claim 14, wherein at least the one measurement device is further configured to measure at 
least the one property of the resist at various locations across the wafer. 

18. The system of claim 14, wherein at least the one measurement device is further configured to measure at 
least the one property of the resist between steps of the lithography process. 

19. The system of claim 1 4, wherein at least the one measurement device is further configured to measure at 
least the one property of the resist during a step of the lithography process. 
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20. The system of claim 14, wherein at least the one property comprises a thickness, an index of refraction, an 
extinction coefficient, a linewidth of a latent image, a height of a latent image, a width of a feature, a height of a 
feature, overlay, or any combination thereof. . 

5 21. The system of claim 14, wherein at least one parameter of the process module can be altered using a 
feedback control technique. 

22. The system of claim 14, wherein at least one parameter of the process module can be altered using a 
feedforward control technique. 

10 

23. The system of claim 14, wherein at least one parameter of the process module can be altered using an in 
situ control technique. 

24. The system of claim 14, wherein at least one parameter of the process module can be altered using a 
15 feedback control technique, a feedforward control technique, an in situ control technique, or any combination 

thereof. 

I 

25. The system of claim 14, wherein at least the one parameter of the process module can be altered such that 
a first portion of the wafer can be processed with a first set of process conditions during the step and such that a 

20 second portion of the wafer can be processed with a second set of process conditions during the step. 

26. - The system of claim 14, wherein the process module comprises a surface preparation module, a coat 
module, a bake module, an expose module, or a develop module. 

A method of fabricating a semiconductor device, comprising: 

measuring at least one property of a resist disposed upon a wafer during a lithography process; 
altering at least one parameter of a process module, configured to perform a step of the lithography 
process, in response to at least the one measured property of the resist to reduce within wafer variation of a 
critical metric of the lithography process; and 

processing the wafer to form at least a portion of at least one semiconductor device upon the wafer. 

28. The method of claim 27, wherein processing the wafer comprises etching, ion implantation, deposition, 
chemical mechanical polishing, or plating 

35 ' ■ . . 
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